This poster examines the tribological properties and effective elastic modulus of porcine articular cartilage plugs. Two methods of obtaining an effective elastic modulus are explored for the different initial material conditions during the indentation loading and unloading. The average values of coefficient of friction varied from 0.04-0.14, but ended with a steady-state average of 0.06. It was validated that increasing pressure during sliding produces an increase in friction coefficient. From a contact model fit to the loading region of the indentation curve, effective elastic modulus had an average value of 300 MPa, which agrees with existing literature. From an examination of the linear portion of the unloading region of the indentation curve, the effective elastic modulus was an average of 8.9 MPa. A preliminary explanation for this is that before loading, a bulk material is present, but pressure effects could evacuate some of the interstitial fluid, leaving in the unloading curve an effective matrix without fluid.
INTRODUCTION
Tribological and material properties of articular cartilage provide the design criteria with which to re-design and improve replacement joints and cartilage substitutes. Past work with articular cartilage has shown that friction coefficient increases as normal load increases because of the pressure effects on interstitial fluid [1] . Coupled with indentation tests to find effective material properties, this information provides a complete picture from which to base future research as to the conditions which favor cartilage growth, specifically pressure and environment. It is hypothesized that the effective elastic modulus of the cartilage mesh found by analyzing the unload region of the indentation curve is less than the elastic modulus of loading, which is found by contact model curve fitting. This hypothesis is based on the biphasic model of soft hydrogel materials in which the polymer mesh behaves quite differently depending upon the level of hydration and applied pressure.
EXPERIMENTAL AND RESULTS
Hand-cut plugs of articular cartilage and subchondrial bone of 6-mm radius were removed with a trephine bit from the left and right tibial plateaus of porcine joints obtained from a local abattoir. The thickness of the cartilage layer was about 1 mm, and appeared to be even thickness across the tops of the 6-mm plugs. A linear reciprocating micro-tribometer was used to evaluate the tribological performance of this material with a stainless steel spherical pin of radius 1-mm. Friction test conditions include a nominal contact pressure of 500 kPa, a reciprocation length of 0.2 mm, a sliding speed of 1 mm/s, and continuous submersion in 9 ppt saline solution.
In general, the articular cartilage samples had friction coefficients of about µ=0.06, with increasing friction coefficient as normal load increased ( Figure 1 ). 
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The linear micro-tribometer was used in indentation mode to perform indentation tests on the articular cartilage, thus providing a curve to which contact models can be fit and effective material properties be extracted. Indentation tests were performed at 4 depths (70-140 µm) and 2 loading rates (6 µm/s, 13 µm/s). All samples were continuously submerged in a bath of 9 ppt saline at room temperature. The load profile was a 10-or 20-second load time with a 60-second hold between loading and unloading (Figure 2) . Two effective elastic moduli were extracted from each indentation test: the first from contact models using the loading curve, which represents a parameter of cartilage starting from zero pressure; the second from the linear portion of the unloading curve, which represents more a state of the collagen/chondrocyte structure without any contribution from interstitial fluid. Obtaining effective elastic moduli from the different sections of the indentation curve (Figure 3 ) yielded the result that the properties of porcine articular cartilage differ according to initial condition of pressure. A bed-of-springs model was curve-fit to the loading region of the curve with the one free parameter of elastic modulus. For computation, Poisson's ratio was assumed to be 0.45 [2] . Based on the initial condition of interstitial fluid in the cartilage, the average modulus over 8 tests was 8.9 MPa (Figure 4) . The linear portion of the unloading curve was examined to find an effective elastic modulus with the beginning condition of an applied pressure. Based on this portion of the indentation curve, this condition gives an average elastic modulus of 300 MPa based on 8 experiments ( Figure 5) .
The large discrepancy of values for effective elastic modulus can be explained by the different initial pressure conditions for the regions of the indentation curve from which the elastic moduli were obtained. It is reasonable that the elastic modulus for the non-pressurized material is higher than that for the fluid-evacuated material because in a dynamic test, fluid would add resistance to an applied force. This discrepancy in values must be explored further, with possible applications to the dynamic simulation of a sample of articular cartilage with varied material properties based on pressure conditions. Future work includes the effect of pressure and motion on in vitro cartilage growth. max indentation depth [um] average E = 300 M Pa Figure 5 Elastic modulus from contact models fit to the loading curve as a function of the maximum penetration depth of each experiment.
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